Abstract: Sodium hyaluronate (Na-HA) is a therapeutic agent used for treating knee arthritis. However, it has been unsuccessfully used in the treatment of knee effusions. Joint effusion results from synovial activation and growth, leading to an increase in the production of matrix metalloproteinases (MMPs), especially MMP-9. This study aimed to determine whether the newly developed zinc hyaluronate (Zn-HA) is more effective than Na-HA in inhibiting the growth of synoviocytes or production and activity of MMPs in rheumatoid synoviocytes. Our results showed that Zn-HA inhibited synoviocyte growth, MMP-9 protein production, and MMP-9 mRNA expression, whereas Na-HA exerted only a slight inhibitory effect on these parameters. Moreover, Zn-HA induced synoviocyte apoptosis, whereas Na-HA did not. These results suggest that Zn-HA retards synoviocyte growth by inducing apoptosis following a decrease in the production of MMP-9 and mRNA. Therefore, it is suggested that Zn-HA can suppress arthritis more efficiently than Na-HA.
Inhibitory effects of zinc hyaluronate on synoviocyte growth and matrix metalloproteinase-9 activity
Introduction
Viscosupplementation with sodium hyaluronate (Na-HA) is known to provide relief from knee pain. 1 However, a wide range of inter-and intra-trial variations in the therapeutic efficacy of Na-HA have been reported. One explanation for these variations is that the viscosupplement becomes diluted because of the large amounts of synovial fluid present in effusions.
Effusion is caused by synovial hypertrophy due to the development of synovitis in rheumatoid arthritis (RA), secondary synovitis in osteoarthritis (OA), and the production of excessive hyaluronate (HA), which is induced by interleukin-1 (IL-1) alpha and beta and tumor necrosis factor (TNF)-alpha. 2 Increased synoviocyte proliferation and decreased synoviocyte apoptosis contribute to synovial hypertrophy.
Matrix metalloproteinases (MMPs) are abundantly found in the synovial effusion seen in RA and OA cases. 3 MMPs, especially MMP-9, which is inducible by inflammatory cytokines-stimulated synoviocytes, 4 are proteolytic enzymes responsible for articular destruction. 5 Therefore, an ideal therapeutic agent for effusions is one that inhibits synoviocyte proliferation, accelerates synoviocyte apoptosis, and prevents MMP production.
Certain physical and biological characteristics of purified HA, such as short residence time in tissues, limit its application as a therapeutic agent. Thus, several submit your manuscript | www.dovepress.com Dovepress attempts have been made to modify the molecular structure of HA in order to obtain a more stable form. Two approaches, namely, the formation of counterion-HA complexes and cross-linking, are used to construct a modified, stable form of HA. 6 Because of the presence of free carboxyl groups on the glucuronide (GlcU) units, HA has a polyanionic characteristic that allows complex formation with cations. Several counterion-HA complexes have been prepared to investigate the potential effects of various cations. [7] [8] [9] [10] [11] Balogh and colleagues investigated the degradation and antioxidant activities of counterion-HA complexes and reported that these complexes are therapeutically more effective than Na-HA. Among the counterion-HA complexes, zinc hyaluronate (Zn-HA) exerts a positive effect against the antioxidant activity, unlike Na-HA. 6 While most heavy metals are toxic, Zinc is safe for internal use. 12 Zinc is also known to play a regulatory role in the immune system; it can have anti-inflammatory effects, apparently as a consequence of direct interaction with cytokines secreted by monocytes. 13 Zinc protects against lipopolysaccharide (LPS) hepatotoxicity by inhibiting TNF production. The inhibitory effect of zinc on LPS-induced TNF production results from the modulation of the oxidative stress-sensitive nuclear factor-κB pathway. 14 Recently, high-molecular-weight Na-HA was reported to suppress the proliferation of rabbit synovial cells; 15 according to a report on the estimation of the biological activity of Na-HA on apoptosis of RA synovial cells has almost no effect on apoptotic change. 16 Thus, it is not known whether Na-HA or Zn-HA could possibly induce apoptosis in synovial cells.
In this preclinical study, we investigated whether the newly developed Zn-HA suppresses the growth of or increases apoptosis in fibroblast-like synoviocytes. We also investigated the effects of Zn-HA on MMP activity in order to confirm the efficacy of Zn-HA as a therapeutic agent for knee effusions in patients with RA.
Patients and methods

Patients selection
By performing prosthetic arthroplasty or arthroscopy, synovial tissues were obtained from patients with RA (n = 5; male: female [M:F] = 1:4; age, 65.5 ± 10.6 years), with OA (n = 6; M:F = 0:6; age, 73.4 ± 8.9 years), and control patients (n = 6; M:F = 5:1; age, 25.6 ± 6.7 years) with a traumatic knee (TA) caused by anterior cruciate ligament ruptures. In keeping with the ethical requirements mandated by our university, written informed consent was obtained from all patients prior to the commencement of the study. The patients with RA and OA fulfilled the respective American College of Rheumatology criteria for their diagnoses. 17, 18 The synovial tissues were digested with 0.1% trypsin (Wako Pure Chemicals, Osaka, Japan) for 30 minutes at 37 °C. The cells were then digested with 0.1% collagenase (Wako Pure Chemicals) for two hours at 37 °C. The cells were maintained in 5% CO 2 atmosphere at 37 °C for 48 hours and then used for further analyses. The synoviocytes were serially passaged and used at passages 3-5.
Test agents
The following test agents were used: Zn-HA (lot no. A65242; Gedeon Richter Ltd., Budapest, Hungary), Na-HA (lot no. KK4001; Kewpie, Tokyo, Japan), and ZnCl 2 (lot no. ESH1413; Wako Pure Chemicals). The specific gravity of the Zn-HA solution was 1.0134; HA content, 99% (105.0% when converted to Na-HA); and Zn content, 1.07 mg/mL. Thus, the weight ratio of HA (when converted to Na-HA) and Zn (when converted to ZnCl 2 ) in Zn-HA was set at 10:1 (Na-HA:ZnCl 2 ) in subsequent experiments. When the Zn-HA concentration was 100 µg/mL, the Na-HA and ZnCl 2 concentrations were calculated to be 100 µg/mL and 10 µg/mL, respectively. The maximal doses for Zn-HA and Na-HA were 300 µg/mL and for ZnCl 2 , 30 µg/mL. The molecular weight of Na-HA is approximately 1,000,000.
Determination of the proliferative capacity of synoviocytes
Synoviocytes were inoculated into 96-well microplates (1 × 10 4 cells/cm 2 ), and the test agents (Zn-HA, Na-HA, and ZnCl 2 ) were added to these plates. Following incubation, the proliferative capacity of the cells was determined using the tetrazolium-based colorimetric 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) assay at a wavelength of 540 nm. 19 evaluation of MMP-1, MMP-2, MMP-3, MMP-9, TIMP-1, and TIMP-2 production
The test agents were added to the synoviocytes (1 × 10 4 cells/cm 2 ) obtained from patients with RA, OA, or TA. MMP-1, MMP-2, MMP-3, MMP-9, TIMP-1, and TIMP-2 were detected with an enzyme immunoassay by using a onestep sandwich enzyme immunoassay kit (Fuji Chemical Industries, Toyama, Japan). In order to express the results as the ratios of the amount of enzyme produced to the number of cells in the culture supernatant, the enzyme concentration Preparation of the synoviocytes obtained from Ra patients for measuring MMP-9 enzyme concentration and MMP-9 mRna expression levels The synoviocytes (6 × 10 5 cells/cm 2 ) obtained from RA patients were incubated with phorbol 12-myristate 13-acetate (PMA; concentration, 100 ng/mL; Sigma-Aldrich Japan, Tokyo, Japan) and a test agent (Zn-HA, Na-HA, or ZnCl 2 ), and the cells were further cultured for 48 hours. Viable cells were counted using the MTT assay.
Analysis of MMP-9 enzyme by gelatin zymography and MMP-9 mRna expression by reverse transcriptasepolymerase chain reaction
For estimating the MMP-9 activity, the culture supernatant was analyzed by gelatin zymography. Samples were resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 0.1% gelatin gels containing 12.5% SDS, followed by an overnight enzymatic reaction at 37 °C. The protein component was stained with Coomassie brilliant blue at ambient temperature for 30 minures. The unstained bands were semiquantified using the NIH Image software. proMMP-9 (92 kDa) and proMMP-2 (72 kDa) were used as positive controls.
To prepare the cDNA (RETROscript kit; Ambion, Austin, TX, USA) for reverse transcriptase-polymerase chain reaction (RT-PCR), total RNA was extracted from the synoviocytes, with or without prior PMA exposure (RNAqueous kit; Ambion/Applied Biosystems, Austin, TX, USA). For polymerase chain reaction (PCR), glyceraldehyde-3-phosphate dehydrogenase (GADPH) was used as the internal control, and the primer pairs used were as follows: The PCR protocol comprised of 32 cycles of denaturation at 94 °C for 30 seconds, annealing at 60 °C for 40 seconds, and a final extension at 72 °C for 80 seconds. MMP-9 mRNA expression was semiquantitatively adjusted by comparing it with GAPDH mRNA expression.
evaluation of Zn-ha-induced synoviocyte apoptosis RA synoviocytes (1 × 10 4 cells/cm 2 ) were cultured, and the test agents were added to the cells. These cultures were incubated for an additional five days. In accordance with the protocol, apoptosis in the RA synoviocytes was examined by staining, using the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) method (Apoptosis screening kit and Mebstain apoptosis TUNEL kit direct from Wako, Tokyo, Japan, and MBL, Tokyo, Japan, respectively). The samples were subsequently analyzed using an apoptosis enzyme-linked immunosorbent assay (ELISA; ApoStrand ELISA apoptosis detection kit; Biomol International LP, Plymouth Meeting, PA, USA).
Statistical analysis
Data were analyzed using the Kruskal-Wallis one-way analysis of variance (ANOVA) with masking. Multiple comparisons were performed using Dunnett's or Tukey's methods. The suppression of synoviocyte proliferation was determined by simple regression analysis. All statistical calculations were performed using the software programs Statistical Package for the Social Sciences (v 11.0J; SPSS Japan Inc., Tokyo, Japan) and JMP 6.02 (SAS Inc., Tokyo, Japan). The significance level was set at 5%.
Results
effect of Zn-ha on synoviocyte proliferation
Zn-HA doses of 150 µg/mL significantly suppressed the proliferation of the synoviocytes obtained from the RA ( Figure 1A ), OA ( Figure 1B) , and TA patients ( Figure 1C ). ZnCl 2 doses of 20 µg/mL exerted a similar effect; however, in order to suppress synoviocyte proliferation to the same extent as Zn-HA, higher concentrations of ZnCl 2 were required. The inhibition of synoviocyte proliferation reached a plateau at the Zn-HA dose of 250 µg/mL. On the other hand, although the inhibition of synoviocyte proliferation did not reach a plateau, a ZnCl 2 dose of 30 µg/mL suppressed cell proliferation. In contrast, Na-HA did not significantly suppress synoviocyte proliferation even at a maximal dose of 300 µg/mL. 
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Based on the slope of the simple regression lines of the plotted growth curves, we estimated the therapeutic concentrations of Zn-HA or ZnCl 2 required to reduce the proliferative capacity of the RA synoviocytes to the same extent as that of the TA synoviocytes. Between 100 and 250 µg/mL Zn-HA and between 10 and 30 µg/mL ZnCl 2 , the negative regression equations were Y = -1.26 × 10 -4 X + 0.003 (r = 0.995) and Y = -8.26 × 10 -4 X + 0.003 (r = 0.993), respectively ( Figure 2A) . From these equations, the therapeutic concentration of X was calculated using Y = 0.0178 as derived from the slope of the proliferation curve of TA synoviocytes. The doses of Zn-HA and ZnCl 2 required to suppress the proliferation of RA synoviocytes to the same extent as that of TA synoviocytes were calculated to be 128.97 µg/mL and 14.96 µg/mL, respectively ( Figure 2B ).
Production of MMP and TIMP proteins obtained from Ra, oa, and Ta patients
We performed an enzyme immunoassay to analyze the MMPs and TIMPs released by untreated synoviocytes into a culture medium. High concentrations of MMP-1, MMP-3, and MMP-9 were produced by RA synoviocytes. The synoviocytes obtained from OA patients and control patients with TA produced MMPs in comparable concentrations. The concentrations of MMP-2 and TIMP-1 produced by synoviocytes obtained from the patients with RA and OA were similar to that produced by TA synoviocytes. TIMP-2 production was not detected in any of the cells (Figure 3) .
effect of Zn-ha on MMP protein production in treated synoviocytes obtained from Ra, oa, and Ta patients Synoviocytes were treated with test agents during culture. The production of MMPs by the treated cells was measured using an enzyme immunoassay. Zn-HA and Na-HA were used at concentrations of 100, 150, and 200 µg/mL while ZnCl 2 was used at 10, 15, and 20 µg/mL concentrations.
observations in Ra patients
Both Zn-HA and ZnCl 2 suppressed MMP-9 production in RA synoviocytes. MMP-9 concentration was completely blocked and showed below the detection limit for the specified Notes: *1 concentration, µg/ml. *2 Tc level (therapeutic concentration level). X is the therapeutic concentration required to reduce the slope of the growth regression line of the synoviocytes obtained from the Ra patients to that of the synoviocytes obtained from the Ta patients (Y = 0.0178). Abbreviations: Ra, rheumatoid arthritis; oa, osteoarthritis; Ta, traumatic knee; Zn-ha, zinc hyaluronate; na-ha, sodium hyaluronate.
concentrations of Zn-HA. Further, MMP-9 was inhibited to approximately 50% by 10 µg/mL ZnCl 2 (P  0.05) and completely blocked by 15 and 20 µg/mL ZnCl 2 . In contrast, Na-HA did not inhibit MMP-9 production. MMP-1, MMP-2 and MMP-3 were not affected by treatment with Zn-HA, ZnCl 2 , or Na-HA ( Figure 4A ). As compared to the concentration of TIMP-1 released into the control medium, its concentration tended to increase with increasing concentrations of Zn-HA, but not with increasing concentrations of ZnCl 2 or Na-HA (data not shown). Regardless of the test agent used, the synoviocytes obtained from the patients with RA did not produce TIMP-2 (data not shown).
Observations in OA patients
MMP-9 production was detected in TA synoviocytes as control, but MMP-9 concentrations remained below the detection limit after treatment with all the specified concentrations of Zn-HA and ZnCl 2 ; this was not the case after Na-HA treatment. Treatment with 200 µg/mL Zn-HA inhibited MMP-1 and MMP-2 production by OA synoviocytes to approximately 25% (mean) of the corresponding levels in TA synoviocytes, in a concentration-dependent manner (P  0.05). MMP-3 production with Zn-HA was decreased in a concentration-dependent manner but not statistically significant. MMP-3 produced after treatment with specified concentrations of Na-HA and ZnCl 2 were comparable to the concentrations of these proteins released into the TA control medium ( Figure 4B ). Treatment with 200 µg/mL Zn-HA tended to decrease the levels of TIMP-1 in a concentration-dependent manner, to approximately 50% of the levels in the control medium (data not shown). The concentration of TIMP-2 released into the culture medium was below the detection limit, regardless of the test agent used (data not shown).
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Observations in TA patients
The level of MMP-9 production in the untreated TA synoviocytes was below the detection limit level; therefore, the concentration of MMP-9 produced by TA synoviocytes, when treated, remained below the detection limit, regardless of the test agent used (Figure 3) . Treatment with Zn-HA tended to inhibit MMP-2 production in a concentration-dependent manner (P  0.05). Although the synoviocytes produced MMP-3 at detectable levels following treatment with 150 µg/mL Zn-HA, the concentration of MMP-3 produced was completely blocked after treatment with 200 µg/mL Zn-HA ( Figure 4C ). Treatment with Zn-HA tended to decrease TIMP-1 production in a concentration-dependent manner (data not shown). The concentration of TIMP-2 produced remained below the detection limit, regardless of the test agent used (data not shown).
effect of Zn-ha on MMP-9 enzyme in synoviocytes obtained from Ra patients
We determined the MMP-9 enzyme in RA synoviocytes by performing gelatin zymography. The zymography experiments revealed that as compared to the MMP-9 activity in the control medium supplemented with PMA (100 ng/mL), the PMA-induced MMP-9 activity in synoviocytes obtained from RA patients was suppressed by treatment with both Zn-HA and ZnCl 2 in a dose-dependent manner. Zn-HA (100 µg/mL) and ZnCl 2 (10 µg/mL) suppressed 60% (P  0.05) and 40% of the MMP-9, respectively. Although treatment with 100 µg/mL Na-HA suppressed the MMP-9, the level of suppression was not statistically significant ( Figure 5A ).
effect of Zn-ha on MMP-9 mRna expression in synoviocytes obtained from Ra patients Zn-ha induces synoviocyte apoptosis Dovepress submit your manuscript | www.dovepress.com Dovepress in RA synoviocytes stimulated with PMA for 48 h. The Na-HA-treated cells exhibited an overall weak suppression of the MMP-9 mRNA expression. Zn-HA at concentrations of 10, 100, and 200 µg, and ZnCl 2 at concentrations of 10 and 20 µg significantly suppressed MMP-9 mRNA expression levels (P  0.05) ( Figure 5B ).
effect of Zn-ha on apoptosis in synoviocytes obtained from Ra patients
Zn-HA or Na-HA (at concentrations of 0, 50, 100, and 200 µg/mL), or ZnCl 2 (at concentrations of 0, 5, 10, and 20 µg/mL) was added to the culture medium containing synoviocytes obtained from RA patients. The media were incubated for five days, following which apoptosis was assessed by using either the TUNEL method ( Figure 6A ) or an ELISA for apoptosis ( Figure 6B ). Unlike the cells incubated with 200 µg/mL Na-HA, those incubated with 200 µg/mL Zn-HA or 20 µg/mL ZnCl 2 were intensely stained in the TUNEL assay. The apoptosis ELISA revealed that as compared to the treatment with Na-HA, treatment with 100 and 200 µg/mL Zn-HA or 10 and 20 µg/mL ZnCl 2 significantly induced apoptosis in RA synoviocytes (P  0.05).
Discussion
Both MMP-9 (92 kDa) and MMP-2 (gelatinase A; 72 kDa) can degrade collagens I, III, IV, and XI as well as aggrecan and link proteins that are mainly found in the cartilage. 20 Most cell types constitutively express MMP-2, which is not usually induced by cytokines or growth factors. In contrast, basal nonactivated levels of MMP-9 are low; the expression of MMP-9 can be induced by different cytokines/chemokines, including TNF, and it is mainly secreted by inflammatory cells. 21 MMP-9 levels are obviously elevated in the sera and fluids of RA patients, and they positively correlate with disease progression and severity. 22 The severity of antibodyinduced arthritis is reduced in MMP-9 knockout mice but exacerbated in MMP-2 knockout mice, indicating that 
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Zn-HA ZnCl 2 Na-HA Abbreviations: Ra, rheumatoid arthritis; MMP-9, matrix metalloproteinase-9; Zn-ha, zinc hyaluronate; na-ha, sodium hyaluronate; PMa, phorbol 12-myristate 13-acetate; PMa (-), without PMa; PMa (+), with PMa (100 ng/ml); control (-), control without 92-kDa (MMP-9); control (+), control with 92-kDa (MMP-9). Zn-ha induces synoviocyte apoptosis Dovepress submit your manuscript | www.dovepress.com Dovepress MMP-2 helps suppress the progression of arthritis. 23 Thus, MMP-9 expression indicates simultaneous activation of the rheumatoid synovial lining, and MMP-9 positivity indicates that synoviocytes are in an activated state. 24, 25 Among the test agents used in our study, Zn-HA strongly suppressed MMP-9 production, suggesting that Zn-HA exerts an anti-inflammatory effect. De Souza et al reported that ZnSO 4 potentially suppresses the production of gingival gelatinases (eg, MMP-9). 26 In addition, Santos and colleagues found that ZnO 2 suppresses the production of MMP-9. 27, 28 These reports, together with the results of our present study, suggest that Zn in Zn-HA partially suppresses MMP-9 production. Since the effect of Zn-HA is greater than that of ZnCl 2 alone, the MMP-9 inhibitory effect of Zn-HA is additive as compared to that of Zn alone. Balogh and colleagues also showed that the synergic effect of Zn and HA is assumed to be due to the linkage within the Zn-HA complex. 6 As described above, Zn-HA potentially suppresses MMP-9 production. Therefore, Zn-HA not only exerts an anti-inflammatory effect but may also suppress bone and cartilage destruction by inhibiting MMP-9 production, thereby aiding the maintenance of the osteocartilaginous matrix. During preliminary analysis, we examined aggrecan metabolism following injection of Zn-HA into the joints of healthy pigs. The results showed that compared to the saline controls, Zn-HA did not suppress aggrecan synthesis; further, it did not influence the anabolic synthesis of proteoglycan in cartilage (data not shown).
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Although other researchers have reported that Na-HA sufficiently suppresses synoviocyte proliferation, 29 we found that Zn-HA is more effective than Na-HA in inhibiting synoviocyte proliferation. Our findings suggest that Zn in Zn-HA is responsible for this effect; however, ZnCl 2 alone was found to be less effective. Although the exact mechanisms of pharmacological action of Zn-HA were not well clarified, another possible explanation for synovial growth inhibition is the biological effect of HA in Zn-HA that is exerted via signal transduction through several hyaluronan receptors such as CD44 and the receptor for hyaluronanmediated motility (RHAMM). 
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The exact mechanism underlying the hyperplastic growth of synoviocytes in RA patients remains to be determined; however, these cells are known to play a critical role in joint destruction and undergo expansion, possibly through increased proliferation and/or insufficient apoptosis. Furthermore, disrupted apoptosis may be one of the causes for the hyperplastic growth of synoviocytes in RA patients. Recent investigations have proved that synoviocytes obtained from RA patients resist apoptosis. 32 Although Na-HA could inhibit FAS or IL-1 beta-induced chondrocyte apoptosis, 33, 34 Fas-induced early apoptosis in the RA synovial cells was augmented by fragmented low-molecular-weight Na-HA, but not by high-molecular-weight Na-HA. 35 These results at least suggest that Na-HA appears to be unsuccessful in inducing apoptosis in the synovial cells.
Therefore, the treatment strategy would be to design drugs that suppress proliferation and restore normal apoptotic pathways in hyperproliferative cells. Zn-HA appears to effectively suppress the proliferation of synoviocytes in RA patients by inducing apoptosis. In addition to its anti-inflammatory action, Zn-HA may also suppress bone and cartilage destruction by inhibiting the proliferation of fibroblast-like synoviocytes, thereby aiding the maintenance of the osteocartilaginous matrix. Thus, Zn-HA may be very effective as an intra-articular injection therapy for patients with excessive inflammation.
In conclusion, the present study showed that Zn-HA effectively suppressed synoviocyte proliferation via apoptosis induction and inhibited the production of MMP-9. Therefore, we postulate that Zn-HA will be an effective pharmacological agent for the suppression of synovitis and for healing the joint damage caused by effusions.
